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Abstract
Herwig, Joshua David. The University of Memphis. August, 2016. Measurement of the
Spatial Distribution of Mechanical Strain in Alveolar Epithelial Cell Monolayers
Major Professor: Dr. Esra Roan
Measuring the inter- and intra-cellular mechanical response of single cell-thick
monolayers to mechanical and biochemical stimulation is a complex and challenging
problem. As a result, very few investigative methods exist. In this work, a robust, and
proven method for determining mechanical strains is employed to address this
fundamental unmet need. This work is motivated by the study of the lung alveolar
epithelium, a vital and dynamic cell monolayer, which, in the diseased lung, is challenged
by both potentially injurious levels of distention and also harmful pro-inflammatory
immune-modulating chemicals. Previous work has demonstrated that harmful mediators
(hyperoxia and TNF-α) tend to increase levels of cell detachment and reduce cell
deformability. Even applying a single non-cyclic stretch in the presence of TNF-α leads
to cell injury (Holt, 2014). Furthermore cell-cell detachment has been observed in TNF-α
treated cell monolayers in the absence of cell death markers, and thus, possibly acts by
modulating the local mechanical response of the cell monolayer. Therefore, utilizing
Texture Correlation, the hypothesis that TNF-α increases the spatial variation of
mechanical strain within murine alveolar epithelial type-II cells was tested. We conclude
that TNF-α does, in fact, lead to the development of a more heterogeneous distribution of
mechanical strain in confluent alveolar epithelial cell monolayers.
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Chapter 1: Introduction
Cell monolayer sheets are one of the simplest tissues in nature, and are found in
numerous locations in the human body including the lining of intestinal tract, the lumen
of capillaries, and the alveolus of the lung. Measuring the intercellular mechanical
response of cell monolayers to mechanical and biochemical stimulation is a complex and
challenging problem. As a result, very few investigative methods exist, and those that do
exist often require extensive experimental preparation, require physically contact with the
cell, and lack the ability to capture real-time information about a large region of interest.
In this work, a robust, and proven method (Harilal & Ramji, 2014) for determining
material-scale-independent mechanical strains is employed to address this fundamental
unmet need.
The aim of this work is to apply the Digital Image Correlation technique to the
study of the mechanical strain experienced by confluent monolayers of murine alveolar
epithelial type-II like cells subjected to equibiaxial mechanical distention. Digital Image
Correlation acts by comparing images taken of a planar surface which experiences
mechanical loading and subsequent material deformation, and computing the resultant
strain field developed in this material (Chu, Ranson, & Sutton, 1985). This technique is
not new, nor is its application to biological materials novel, however, its application to
the study of the spatial distribution of mechanical strain has not, to the knowledge of the
author, been previously achieved.
This work is motivated primarily by the study of the lung alveolar epithelium, a
vital and dynamic cell monolayer, which in its physiological role is subjected to
continuous cyclic stretch and relaxation during the process of inspiration and expiration.
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In the diseased lung, however this tissue is challenged by both potentially injurious levels
of distention associated with mechanical ventilation, and also harmful pro-inflammatory
cytokines (Uhlig, 2002), which modulate both the mechanical properties and also the
biochemical functionality of these cells (Waters, Roan, & Navajas, 2012). Previous work
has demonstrated that harmful mediators can cause cell-to-cell detachment and reduce
deformability of cell monolayers. Specifically, one such harmful mediator, TNF-α, has
the potential to increase the levels of cell detachment even with the application of a single
sustained stretch (Holt, 2014). Furthermore cell-cell detachment has been observed in the
absence of cell death markers, and thus, possibly occurs by the modulation of the local
mechanical response of the cell monolayer. Therefore, it is the hypothesis of this work
that TNF-α increases the spatial variation of mechanical strain within murine alveolar
epithelial type-II cells, and that a novel application of Digital Image Correlation provides
the resultant spatial resolution of strain necessary to test this hypothesis.
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Chapter 2: Background
2.1 Lung Mechanobiology
The pulmonary alveoli are the terminal air spaces within the lung, and are
primarily comprised of an alveolar-capillary membrane and the gas-filled alveolar space,
which the membrane separates from the pulmonary capillaries. This membrane consists
of the alveolar epithelium, which lines the apical side of the membrane, the capillary
endothelium, which lines the lumen of the capillaries, and the interstitial space between
these (Bell & Rhoades, 2013). The alveolar epithelium consists of a confluent monolayer
of alveolar epithelial (AE) cells including type I AE cells, which establish the air-blood
barrier and comprise the majority of the surface area, and the type II AE cells which
secrete critical surface tension-reducing surfactant, and serve as the progenitor of type I
cells (Fehrenbach, 2001). These monolayers are vital and dynamic structures within the
lung, facilitating gas transit and establishing a protective barrier against the external
environment. As such, they are of great interest to researchers within the field of lung
mechanobiology, and are the focus of this current work.
Alveolar epithelial cells are highly specialized in that they must withstand
continual cycles of extension and relaxation to facilitate inspiration and expiration. At
physiological levels of stretch, cells are adroitly suited to withstand this loading (Herold,
Gabrielli, & Vadasz, 2013), however, at increased levels of stretch, as is experienced by
patients receiving mechanical ventilation (Uhlig, 2002), this framework is pushed to the
limits of its capability, which can lead to injury (Oeckler & Hubmayr, 2008). The
physiological range of linear mechanical stretch is typically considered to be roughly 4%
(during normal breathing) to 25% (during deep inspirations) (Fredberg & Kamm, 2006),
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and in this work, the applied level of mechanical stretch does not exceed 12% linear
strain (roughly 25% change in surface area (ΔSA) (Roan & Waters, 2011). It is important
to note that this is still a relatively low level of strain in comparison to what are typically
considered injurious levels of stretch. For example Tschumperlin and Margulies observed
equibiaxial deformation-induced injury to occur at roughly 37%ΔSA (Tschumperlin &
Margulies, 1998). Not only does stretch cause mechanical changes (i.e., creation of
intracellular stress, and tension within the cytoskeleton and junctional proteins), it has
been shown to elicit biochemical responses as well, with a static linear strain of 30%
being shown to result in increased expression and release of the inflammatory cytokine
IL8 in A549 cells (Vlahakis, Schroeder, Limper, & Hubmayr, 1999), and 12% cyclic
stretching being shown to modulate cellular signaling pathways responsible for the
regulation of junctional proteins in intestinal epithelial cells (Samak et al., 2014).
A further consideration, and motivating factor for this work is the study of
alveolar-capillary barrier dysfunction. In the diseased lung, this barrier dysfunction is the
result of a two-pronged attack, at the apical and basal sides of the cells. On the apical side
of this barrier, invading pathogens release several factors which lead to increased
epithelial permeability, including pore-forming toxins, and proteins that modulate the cell
cytoskeleton (Ivanov, Parkos, & Nusrat, 2010). On the basal side, the assault is primary
due to activated immune cells, which release factors that increase epithelial permeability
in order to permit migration into the alveolar space, and, more importantly by other
immune cells which release pro-inflammatory cytokines in response to a perceived threat.
Previous in vitro work has demonstrated that the combination of cyclic mechanical
stretch, and one such pro-inflammatory cytokine, TNF-α led to an increase in the amount
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of cell-free area in cultured alveolar epithelial cell monolayers (Holt, 2014). In this
current work, TNF-α is utilized to modulate the mechanical properties of the alveolar
epithelial cells in order to understand how it contributes to this increase in cell-free area
and the observation of cell-cell detachment. One of the most important factors associated
with barrier dysfunction, and the overall mechanical structure of the epithelial monolayer
is the tight junction. These tight junction proteins establish the linkages between cells,
and strictly regulate the passage of fluid, solutes, and chemical factors between the apical
and basal sides of the cell. In this work, no special consideration is given to these
junctional proteins, yet they are important to establishing a hypothesis regarding the
mechanism by which cells detach from one-another, which is a prime motivating factor
behind this work.
2.2 Role of Harmful Mediators in Cell Mechanics (TNF-α)
The pro-inflammatory mediator TNF-α has been shown to be elevated in patients
exposed to injurious levels of mechanical ventilation (Tremblay, Valenza, Ribeiro,
Jingfang, & Slutsky, 1997) and to be present in the lungs of patients suffering from
pneumonia (Montón et al., 1999) and acute respiratory distress syndrome (ARDS) (Ware
& Matthay, 2000). Furthermore, it has been shown to modulate the mechanical properties
of the lung tissue itself (Szczygiel, Brzezinka, Targosz-Korecka, Chlopicki, &
Szymonski, 2012). One additional consideration for this work is the ability of TNF-α to
modulate both the cell cytoskeleton, and also the cell-cell junctions, including tight
junctions. Furthermore, TNF-α has been shown to modulate the epithelial permeability by
mechanisms which are independent from both apoptosis (Bruewer et al., 2003) and tight
junction modulation (Tang et al., 2014)
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2.3 Epithelial Cell Mechanics
Epithelial cell monolayers are a fundamental structure in nature. They form the
simplest tissues (Harris et al., 2012), often forming deformable linings, and as such must
withstand physiological loading. Studies have demonstrated that traction forces
transmitted to the substrate by the focal adhesion proteins are concentrated at the
periphery of the cell groups, and thus the cellular collective behaves as a cohesive unit
(Mertz et al., 2012). The contractile forces established by the cellular cytoskeleton (CSK)
are balanced by the reactionary forces of the junctional proteins, which attach cells to
each another, and the focal adhesions, which anchor the cells to the substrate or
extracellular matrix (ECM)(Waters et al., 2012). This balance of forces regulates a host
of cellular phenomena including signal transduction, motility, and proliferation (Chicurel,
Chen, & Ingber, 1998). Even though the importance of the physical cell structure with
regard to individual cell function is widely accepted, few methods currently exist which
are capable of measuring inter- or intra-cellular mechanical responses.
Relevant to this work is the process by which cells in the alveolar epithelium are
able to detach from each other creating a failure of the barrier they establish. Inherent to
this work is the study of strain distribution within the cell monolayer, with specific focus
given to establishing some measure of the heterogeneity exhibited by the monolayer. In
the same manner that heterogeneous strain distributions result in nucleation points for
grain dislocation in metals (Bieler et al., 2009), it is the hypothesis of this work that
heterogeneous distribution of strain in cell monolayers leads to analogous nucleation
points for cell-cell detachment. This idea of a heterogeneous distribution of strain is novel
and has not been directly studied with regard to live cellular mechanics. However, in
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order to ask this question, a method to measure the strain experienced by the cell
monolayer is required.
2.4 Texture Correlation
Implicit to the study of strain distribution within a cell monolayer is the need to
non-invasively measure the state of strain developed within the cell monolayer. Current
techniques to query cell mechanics can be generally characterized as either force
application techniques, such as optical tweezers and magnetic twisting cytometry, or
force sensing techniques, including traction force microscopy and atomic force
elastography (Rodriguez, McGarry, & Sniadecki, 2013). However, none of these methods
yield appropriate information necessary to adequately characterize the state of strain or
more specifically the heterogeneous state of strain hypothesized in this work to develop
within epithelial cell monolayers. Texture correlation (Bay, 1994), an adaptation from
Digital Image Correlation (DIC) is one technique which has the potential to accomplish
this goal. Texture correlation differs from DIC in that the inherent appearance of the
surface of the material to be studied is taken as the input rather than the traditional
deliberate patterning of the material surface. While studies have utilized the technique to
investigate single-cell (Gilchrist, Witvoet-Braam, Guilak, & Setton, 2007; Wall,
Weinhold, Siu, Brown, & Banes, 2007) or whole monolayer (Harris et al., 2012) strain
distributions, no studies have, to our knowledge, utilized texture correlation to
characterize the spatial distribution of strain. It is further noted that only a limited number
of studies have utilized DIC or texture correlation to measure cell mechanical
phenomenon of any type (Ahola et al., 2014; Harris et al., 2012; Kamgoue, Ohayon,
Usson, Riou, & Tracqui, 2009; Lim, Henderson, & Neu, 2013).
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The limited use of DIC in cell mechanics is due, in part, to the previous lack of
robust, open-source digital image correlation software. Recently, Blaber et al detailed the
creation of such a utility, entitled Ncorr (Blaber, Adair, & Antoniou, 2015). Briefly,
Ncorr (and, in general, DIC) is a non-contact, optical method for resolving 2D strains
within a material based on the presence of some pattern, which is significantly continuous
and recognizable between the unstrained image and the strained image. A pixel subset of
certain size (chosen by the user) is tracked from the reference to deformed images
utilizing in iterative correlation based on the relative distribution of grey scale values
within the pixel subset, and a linear, first-order transformation of the points within the
subset yields the displacement data of the center material point of the pixel subset. This
discrete array of displacement data points is interpolated utilizing a method called
reliability-guided digital image correlation (RG-DIC) to obtain a deformation mapping
for the entire region of interest (Pan, 2009). Once this deformation is obtained, the data is
smoothed using a least-squares plane fit and the resulting displacement gradients are
utilized to calculate the Green-Lagrangian strains of the ROI. Thus all reported resultant
DIC strains in this work are obtained by this method.
Apart from its non-invasive nature, DIC is especially useful for studying cellular
behavior because its algorithm is irrespective of scale and the execution of the algorithm
takes place after the experimental procedure, meaning that the researcher is able to
quickly perform the experimental perturbation, being required only to collect images of
the sample in the immediate term. For this reason, DIC, or more appropriately texture
correlation was chosen as the method for investigation. The differentiation of DIC and
texture correlation is nuanced. Consequently, as a convention, in this work, the term DIC
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will refer specifically to the computational procedure, while texture correlation will refer
to the entire method of resolving cellular strains within the monolayers. Furthermore, the
term DIC will not refer to differential interference contrast microscopy.
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Chapter 3 Materials and Methods:
A novel procedure was utilized to measure the strain field in live epithelial cell
monolayers. The procedure involves cell culture, live cell imaging, and numerical
analysis. The methods relating to each step of this procedure is presented in this chapter.
3.1 Cell Culture
MLE-12 Mouse Alveolar Epithelial Cells (American Type Culture Collection
(ATCC), Manassas, VA, USA) were cultured in MLE-12-specific culture medium
(DMEM; Gibco, Waltham MA), supplemented with 10% heat-inactivated FBS; Biowest,
Riverside Mo, 1mM L-Glutamine, 1% penicillin/streptomycin; Gibco, Waltham MA, and
2% Hepes; Sigma Aldrich, St. Louis MO. Cells were grown to confluence in a contained
incubator at 37°C in room air (with 5% CO2) on collagen type 1 coated silicone
membranes (Flexcell, Hillsborough, NC). To determine the effect of TNF-α on the strain
distribution, cells were treated with either 5ng/mL or 50ng/mL recombinant murine TNFα (Peprotech, Rocky Hill NJ) for six hrs. Cells were washed immediately following
treatment with cell culture media containing either 0ng/mL, 5ng/mL, or 50ng/mL TNF-α
and transferred to the cell stretching device for imaging.
3.2 Fluorescent Staining and Imaging
Ten mins prior to washing cell membranes to be stretched, Hoechst 33342 nuclear
dye (Invitrogen, Waltham MA) was added at a concentration of 1µg/mL according to the
manufacturer’s protocol. Additionally, Calcein AM (0.25 µM; Invitrogen, Waltham MA)
and Ethidium Homodimer-1 (0.125 µM) were added to in order to determine the viability
of cells after being subjected to stretch. To establish a control measurement blue
fluorescent spherical polymer particles (Cospheric, Santa Barbara CA) in the range of 1-
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5µm were adhered to some membranes, not seeded with cells. An initial mixture was
prepared in DI H20 at 10mg/mL in the presence of 10uL/mL detergent (Dawn Ultra
Dishwashing Liquid, Procter & Gamble, Cincinnati OH) in order to prevent grouping of
particles. This mixture was added to 99.5% pure anhydrous ethanol (Sigma Aldrich, St.
Louis IL) at a concentration of 50uL/mL alcohol. All imaging was accomplished using a
Life Technologies EVOS FL (Thermo Fisher, Waltham MA) phase contrast microscope
with 4X (Olympus, Waltham MA), and 20X (Thermo Fisher, Waltham MA) objectives.
3.3 Cell Stretching Device
To apply strain to the cellular monolayer, an in-plane equibiaxial stretching
device was utilized in order to obtain a consistent focus plane throughout the stretching
regime. This device is shown in Figure 1. This device, which has been previously
described (Rápalo et al., 2015), consists of six clamps, which translate radially to impart
an equibiaxial state of strain to the center of a flexible silicone membrane on which cells
have been grown to confluence. An off-board motor actuates a set of cables, which, in
turn, rotate the actuating ring of an iris-like mechanism that induces radial translation of
the membrane mounting clamps. This configuration allows precise control of the strain
level, while allowing the device footprint to remain sufficiently small for use in
applications where space is highly limited. As the stretching device is controlled by a
stepper motor, the variable input is reported in units of motor counts, where a motor
count of 10,000 corresponds to roughly 3.5% clamp-to-clamp strain and a 2.5% strain in
the region of interest in the membrane.
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Figure 1. Stretching Apparatus (A) Collagen-coated FDMS Flexcell membrane cut to
allow equibiaxial loading. (B) Custom designed stretching device loaded with a
membrane and mounted into a fluorescence microscope.
3.4 Membrane Strain Calibration
In each trial, a single microscope field of view was tracked throughout the
stretching regime and imaged in DAPI illumination at either 4X magnification (Figure
2A, B, and C) or 20X magnification (Figure 2D, E, and F) at each increment. The
average membrane x-direction strains of the fields were calculated in two ways in order
to establish a calibration between the applied clamp-to-clamp and resultant DIC strains.
Initially, blue fluorescent particles which were sufficiently separated (approximately 20%
of the field of view) were identified and tracked throughout the stretching regime, and the
corresponding x-direction distance at each increment was measured utilizing ImageJ and
used to calculate strain that is referred to from here on as point-to-point strain. Average xdirection strain values for each membrane at each incremental strain level were calculated
by taking the mean point-to-point measurement of six random locations in each field.
Secondly, the Ncorr DIC algorithm was utilized to generate a full field resultant strain
map of each microscope field of view.
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3.5 Strain in Live Confluent Alveolar Epithelial Cell Monolayers
To assess the state of strain within the epithelial cell monolayers, we utilized
Ncorr, an open-source Digital Image Correlation software to compare each image taken
during the stretching regime. Confluent MLE-12 cell monolayers were subjected to
mechanical stretching (as previously described) and imaged at 4X and 20X. Prior to
processing the images, the series of images was registered with respect to the zero strain
image utilizing the StackReg plugin (Thevenaz, Ruttimann, & Unser, 1998) in image J
(Abràmoff, Magalhães, & Ram, 2004) with a rigid body transformation (purely
translation and rotation), disallowing skewing of the image. A region of interest was
selected for each capture image, which truncated a small portion of the images at the
boundary. A subset radius of 32 pixels was chosen as it was the smallest attempted subset
radius, which did not result in a noisy displacement map (Figure A1). Each step of the
image correlation algorithm updated the reference image to the previous image in the
series to allow more efficient tracking of subset locations. Ncorr utilizes a plane-fit
approximation when calculating strains from displacement data. For this parameter, a
value of 10 points was chosen as it resulted in strain fields which were neither highly
noisy, nor overly smoothed over (Figure A2). In no cases did the parameter selection
affect the average strain values within a deformed image (Figure A2, A3).
3.6 Statistical Analysis
All determinations of statistical significance were performed utilizing SigmaPlot
(San Jose, CA) one-way ANOVA with either the Holm-Sidak or Dunn’s method for
piecewise multiple comparison.
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Chapter 4: Results
The overall aim of this work is to show the utility of the Texture Correlation
method in measuring the strain field experienced by live, confluent monolayers of
epithelial cells. Here, calibration of the method and the results pertaining to cells are
presented.
4.1 Membrane Strain Calibration
By definition, the equibiaxial strain developed in the center of the membrane by
the cell-stretching device implies that the x-direction and y-direction, in-plane strains are
equivalent in magnitude. Thus the x-direction is reported for simplicity and will be the
convention throughout the remainder of this work.
In order to calibrate measured strain computed by the Ncorr DIC algorithm to the
applied displacement of the membrane at the centermost region (referred to from here on
as diametric clamp strain), blue fluorescent microspheres were adhered to the silicone
membranes before stretching as markers of displacement. Membranes were equibiaxially
stretched in four increments of approximately 3% to a final strain of approximately 11%,
and the strain experienced by the particles was computed by a manual method utilizing
ImageJ, and also by the DIC algorithm. Representative images of this computation are
shown in Figure 2C and Figure 2F. The resulting point-to-point and DIC strain values
from the triplicate trials are shown in Figure 2G, plotted against the applied clamp-toclamp strain.
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Figure 2. Multi-scale Validation of DIC Algorithm. (A) Representative phase contrast
image of membrane coated in fluorescent microspheres at unstrained condition at 4X
magnification in DAPI illumination. (B) Field from A at 11% applied clamp-to-clamp
strain. (C) Resultant DIC strain field between A and B superimposed over A. Scale bar
range is +/- three standard deviations of the mean. (D) Representative phase contrast
image of membrane coated in fluorescent microspheres at unstrained condition at 20X
magnification in DAPI illumination. (E) Field from D at 11% applied clamp-to-clamp
strain. (F) Resultant DIC strain field between E and F superimposed over E. Scale bar
range is +/- three standard deviations. (G) Plot of strain from triplicate samples calculated
via DIC or point-to-point method.
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The resultant DIC strain data from the 20X trials was utilized to create a calibration
between applied (clamp-to-clamp) strain and resultant strain at the center of the
membrane, which is referred to from here on as applied strain. Notably, the average strain
values calculated via the point-to-point method and via the DIC algorithm are in very
close agreement. To quantify the correlation between measurement methods, average
resultant DIC strain was plotted against average resultant point-to-point strain and a line
was fit through the data (Figure 3) The average goodness of fit and the average slope
from all trials is reported inset Figure 3. This strong agreement between strain
measurement methods builds confidence in our application of texture correlation.
Furthermore, the 4X and 20X Texture Correlation results also are in close agreement
(Figure 2G), as would be expected from a uniform material. It is concluded from these
data that DIC is a reasonably accurate method for calculating the average strain
experienced by the membrane at 4X and 20X magnification.
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Figure 3. Agreement between DIC and Point-to-Point results. Abscissa represents mean
DIC resultant strain from triplicate trials and ordinate represents mean point-to-point
method results, again from triplicate trials. A line is fit through the data; goodness of fit
and slope are reported inset in bold.
4.2 Live Cell Stretching and Measurement of Monolayer Strain Field
After validating the potential of the Ncorr DIC method to report average strain
values in membranes coated with microspheres and creating a calibration from applied to
resultant strain, the Ncorr DIC method was utilized to study full field strain experienced
by live confluent monolayers of an alveolar epithelial cell line. MLE-12 cells were
cultured to confluence on flexible membranes and subjected to a similar stretching
regime of approximately 3% increments to a final applied strain of 11% (based on
previous calibration). Again, a field was tracked throughout each strain level and images
were compared to determine average developed x-direction strain. Cell monolayers were
imaged in both bright field and DAPI illumination at 4X and 20X magnification. Figure 4
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contains representative images of the microscope fields as well as the resultant DIC strain
field at approximately 8% applied strain.

Figure 4. Resultant DIC Strain Fields in MLE-12 Monolayers. (A) Representative phase
contrast image of MLE-12 membrane at unstrained condition at 4X magnification in
DAPI illumination; nuclei stained with Hoechst 33342. (B) Field from A at 8% applied
strain. (C) Resultant DIC strain field between A and B superimposed over B. Scale bar
range is +/- three standard deviations. (D) Bright field illumination of field A at 4X
magnification. (E) Field from D at 8% applied strain. (F) Resultant DIC strain field
between E and F superimposed over F. Scale bar range is +/- three standard deviations.
(G) Representative phase contrast image of MLE-12 membrane at unstrained condition at
20X magnification in DAPI illumination; nuclei stained with Hoechst. (H) Field from G
at 8% applied strain. (I) Resultant DIC strain field between H and H superimposed over
H. (J) Bright field illumination of field G at 20X magnification. (K) Field from J at 8%
applied strain. (L) Resultant DIC strain field between J and K.
Not only, do the average strain values computed from DAPI and bright field images
closely agree, but also when the strain fields of a given location computed from the DAPI
and from the bright field images are compared, they appear strikingly similar, regardless
of the very dissimilar initial images, as seen in Figure 5. The change in bright field cell
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monolayer strain field with respect to applied strain is shown in the left column of Figure
5; the right column contains the corresponding strain fields from images recorded in
DAPI. In order to establish the correlation between the data obtained with the differing
imaging modalities, average strain per field was computed and the averages of three trials
for each imaging modality were plotted against each other; Figure 5K contains this result.
This agreement strongly suggests that this application of the texture correlation method is
reliable, and that the computed strain values, and features of the monolayer strain map are
very likely due to real cellular morphology rather than noise, or errors introduced by the
algorithm. This is further supported by Figure A3, which compares the resultant strain
field of several trials demonstrating that each is significantly unique. Additionally, while
the results from the 4X magnification trials further validate the DIC method, the resultant
strain fields of cell monolayers imaged at 20X are most relevant for studying cellular
morphology.
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Figure 5. Strain Field Measurement in MLE-12 Monolayers; Bright Field vs. DAPI. (A,
C, D, G, I) Representative resultant DIC strain fields from an MLE-12 monolayer imaged
in Bright Field at 1%, 3.4%, 6%, 8%, and 11% applied strain, respectively. (B, D, F, H, J)
Corresponding resultant DIC strain fields from the same location as A, C, E, and G
imaged in DAPI at 1%, 3.4%, 6%, 8%, and 11% applied strain. All scales represent +/- 3
standard deviations from the mean Bright Field values. (K) Average monolayer strain
measured with bright field and fluorescent methods. Goodness of fit and slope are
reported in bold in the inset table. N = 3.
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4.3 Heterogeneity of Strain Field as an Indicator of Cell-Cell Tearing
Based on previous work, we wanted to explore whether cell-to-cell tearing which
was observed was associated with the heterogeneity in the strain field of cells that were
being stretched. The mean value of a strain field obtained with varying imaging
modalities and scales was used to validate the functionality of DIC, while the
heterogeneity of the strain field, quantified by the standard deviation (SD), was
hypothesized to be indicative of the spatial variation of strain. It was further hypothesized
that large SD would exist when monolayers are treated with TNF-α suggesting greater
variation in the strain field. In order to test this hypothesis, the heterogeneity of the cell
monolayer strain field must be differentiated from inherent heterogeneity of the substrate
strain field. To this aim, the SD of membranes coated with microspheres was compared
with that of membranes on which MLE-12 cells were cultured to confluence with the
underlying assumption that the microspheres attached to the membrane do not experience
any load distribution, and therefore represent the deformation of the membrane only,
whereas a confluent cell monolayer acts more-or-less as a collective attached at discrete
points (focal adhesions).
The variation in measured strain field of a cell monolayer is greater than the
membrane strain field itself (Figure 6). For example, at the maximum level of applied
strain (11%), the SD of the 20X bright field MLE12 monolayer was 0.7%, while that of
the particle-coated membrane was 0.15%. Indeed all except were significantly different.
It is also important to note that both imaging modalities, fluorescent and bright field,
yielded similar results. No significant difference was observed between microsphere
membranes and cell membranes imaged at 4X magnification.
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Figure 6. Strain field heterogeneity. (A) Representative DIC strain field of membrane
coated with fluorescent microspheres. (B) Representative DIC strain field of an MLE-12
cell monolayer. Applied strain in these images is 8%. The color-scale ranges for each
strain map are identical in magnitude. (C) Average standard deviation as a function of
applied strain for multiple imaging modalities and scales. N = 3, SD shown. ★Indicates
significantly different from 20X microsphere. # Indicates significantly different from 4X
microsphere.

	
  

22	
  

4.4 Increased Strain Heterogeneity in TNF-α Treated Cells
After verifying that the standard deviation of strain developed in the cell
monolayer differed significantly from that of the substrate, we sought to understand the
effect of TNF-α on the heterogeneity of strain in an alveolar epithelial cell line. Cells
were grown to confluence and treated with either 5ng/mL or 50ng/mL of TNF-α for six
hours before being stained with Hoechst 33342. Control and treated monolayers were
equibiaxially stretched at increments of approximately 3% to a final applied strain of
approximately 11%. Figure 7 (A, B, C) contains representative images of the untreated,
5ng/mL, and 50ng/mL treated fields at the final strain level of 11% The standard
deviation of strain at each strain level was calculated for each treatment group and
compared. As seen in Figure 7D the standard deviation of strain field of the 50ng/mL
treatment group differed significantly from that of the control group at the 3.5%, 6%, and
8% strain levels, and the 5ng/mL treatment group differed significantly from the control
group at the 6% and 8% strain levels. This suggests that TNF-α treatment is associated
with an increase in the heterogeneity of strain developed in alveolar epithelial cell
monolayers.
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Figure 7. Heterogeneity of Strain in TNF-α treated confluent MLE-12 cell monolayers.
(A, B, C) Representative strain fields superimposed on 20X bright field images of
untreated, 5ng/mL TNF-α treated, and 50ng/mL TNF-α treated MLE-12 cell monolayers,
respectively. The observed holes in C correspond to data, which was truncated due to
poor correlation of those areas between initial and deformed images. (D) Mean strain of
each treatment group as a function of applied strain. (E) Mean of the standard deviations
of strain fields as a function of applied strain; * denotes significantly different from the
untreated group. N = 3, p < 0.05.
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Chapter 5: Discussion
Understanding the mechanical response of epithelial cell monolayers is important
not only to the field of lung mechanobiology, but for all soft-tissue research. One such
problem lies in understanding how the in-plane strain within a cell monolayer is
distributed and transmitted through the collective. As such, there exists a need for realtime, non-contact, robust, and easily implementable solution for probing mechanical
responses of live cells.
In this thesis, texture correlation, a specialized application of digital image
correlation, is utilized to capture the state of strain in unfixed murine alveolar epithelial
cell monolayers subjected to equibiaxial stretching. First, the applied strain from a
custom mechanical stretching device was calibrated by measuring the displacement of
small, adherent (5-10µm) fluorescent particles on a stretched membrane. Measurements
conducted at two magnification levels (4X and 20X) demonstrated that the DIC algorithm
is applicable across a range of length scales. Furthermore, the correlation between pointto-point and DIC strain was nearly exact, and the slopes of the linear-fit lines through the
correlation data for both 4X and 20X were nearly equal to 1. Both of these results imply
that the DIC algorithm is both robust and capable of capturing strain fields at multiple
length scales relevant to investigation of cell mechanics.
The distribution of strain in a confluent live cell monolayer was assessed using
texture correlation. Much like the point-to-point to DIC correlation, when the averages of
the cell nuclei (DAPI) strain fields were compared to those of the entire cells, obtained
with bright field imaging, the results were highly consistent in magnitude. Furthermore,
features of the strain distribution in one imaging modality were mirrored in that of the

	
  

25	
  

other. Therefore, DIC is capable of not only resolving the mean strain within a cell
monolayer, but is capable of resolving the character of the strain distribution in a
meaningful way.
Once the texture correlation method was demonstrated to be appropriate for
measuring average monolayer strain fields, a means by which strain distributions between
samples may be studied was sought. The inherent heterogeneity of strain distribution is of
interest as one may theorize that the spatial nature of strain distribution may lead to the
development of stress risers in confluent cell monolayers. To measure this proposed
phenomenon, the standard deviation of the resulting strain field data was taken to be a
measure of heterogeneity of strain. In order to utilize this measure, the heterogeneity of
the underlying substrate must be substantially less than any heterogeneity of the cell
monolayer, which one hopes to measure; in essence, the signal (cell monolayer SD) must
be differentiable from the noise (membrane SD). To accomplish this, the average SD of
the strain fields of the previously described fluorescent particle-coated membranes was
compared to that of confluent cell monolayers. The data showed a significantly greater
SD for the cells as compared to the particle-coated membranes at 20X magnification, but
not at 4X magnification. Thus it was concluded that this method is capable of
characterizing strain distribution in cell monolayers at 20X magnification. It is important
to note that this investigation is novel, and potentially establishes a useful, quantifiable
measure by which to compare and contrast sample groups.
Previous work (Holt, 2014) demonstrated that MLE-12 cells in confluent
monolayers treated with 50ng/mL TNF-α for six hours will detach from one another even
during a step-wise stretch; i.e., the applied stretch was not cyclic in nature, but progressed
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from the unstrained condition to a strained condition in a discrete steps. This observation
engendered the question of whether or not this behavior was due to apoptosis or necrosis,
as both TNF-α treatment, and also cyclic mechanical stretching have been shown to
induce cell death (Hammerschmidt, Kuhn, Grasenack, Gessner, & Wirtz, 2004; Patel,
Wilson, O’Dea, & Takata, 2013). Confluent MLE-12 cell monolayers were stained with
Calcein AM and Ethedium Homodimer-1 in order to assess the viability of cells under the
strained condition. In no cells, which were shown to detach from one-another was the
Ethidium Homodimer-1 cell-death marker observed and in all of these cells Calcein AM
was present within the cytosol. Representative images of this observed phenomenon are
shown in Figure 8. Repeated observations of attached cells separating instantaneously
with stretch were supportive of the overall aim of the previous biomechanical
investigation, and suggest that alveolar epithelial cells in confluent monolayers are able
to detach from one another during TNF-α treatment and mechanical stretching costimulation by some apoptosis-independent mechanism. Thus, it was hypothesized that
this detachment resulted from a purely mechanical phenomenon, namely the
heterogeneity of in-plane strain distribution.
Thus, to demonstrate the utility of this novel approach, the texture correlation
method, and the cell-stretching device were used together to probe the differences
between untreated and TNF-α treated (0ng/mL, 5ng/mL, 50ng/mL) alveolar epithelial
cell-line monolayers. An increase in heterogeneity with TNF-α was confirmed in
experiments as the SD of strain field of cells treated with TNF-α exceeded those
untreated monolayers, with a dose of 5ng/mL. The results suggest that TNF-α is capable
of inducing a more variable state of strain within alveolar epithelial cell monolayers, and

	
  

27	
  

although additional work must be done to better understand the contribution of this
heterogeneity to the observed cell-cell detachment, the fact that TNF-α is capable of
producing a localized modulation of cell monolayer mechanical response is novel.
Furthermore, it is concluded that the DIC method is capable of yielding cogent
information regarding the heterogeneity of strain fields.

Figure 8. Cell-Cell Detachment without cell death. (A) Representative image of cell-cell
detachment observed before tearing event imaged at 20X magnification in Bright Field,
RFP and GFP illumination. Cells are stained with Calcein AM viability marker (green)
and Ethedium Homodimer-1 cytotoxicity marker (red). Contrast and color intensity levels
have been modulated with Photoshop (Adobe; San Jose, CA) to highlight color
differences. (B) Field in A after the application of approximately 11% strain. Tearing is
representative of all similar events. (C) Magnified view field in A. (D) Magnified view of
field in B. Arrow represents area of tearing.
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5.1 Limitations
Although the results of this study are intriguing and provide a framework for
future studies, it is acknowledged that several inherent limitations exist. First, while the
silicone membrane facilitates physiological levels of stretch, the stiff, flat membrane
affords very few similarities to the extracellular basement membrane of the alveolus.
Additionally the local environment of the cell monolayer is vastly different from that of
either the healthy or the diseased lung, in that typically many different factors and
cytokines are present together. Thus the application of TNF-α only may not accurately
capture the in vivo character of strain distribution. Furthermore, this model probed only
the effects of static stretching on cell monolayers, and while this may be appropriate in
order to understand the effect of an initial over-distention, it is obviously not
characteristic of normal alveolar behavior. Also, it must be noted that de novo cell-cell
detachment (i.e. cells which were not at least partly detached from one another in the
unstrained image) was not observed at less than 11% applied monolayer strain, and was
not present in all TNF-α treated monolayers.
Certain limitations are also present due to the design and operation of the cellstretching device. The greatest of these is the uncharacteristic operation of the device
between the unstrained and initial strained condition. This is evidenced in figure 2G in
that the best-fit lines of the diametric clamp to resultant DIC strain do not pass through
the origin, indicating some non-uniformity in the operation of the device in this regime.
Also, the design of the stretching device mechanically limits the maximum strain level to
roughly 15% clamp-to-clamp strain, which is at the low end of what is typically studied
in relation to lung mechanobiology (Waters et al., 2012). This is both a limitation of the
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protocol, and an indication of the robustness of texture correlation in that it was able to
detect a significant difference in the heterogeneity of strain at this relatively low strain
amplitude. One further limitation in the experimental apparatus lies in the physical
loading of the membranes, which must be carefully positioned over the loading posts on
the device clamps. This physical action may lead to undesired straining of the membrane
during loading if caution is not taken during this process. These can be addressed in the
future with further development.
Additionally, the cell stretching and imaging took place outside of a controlled
incubator, for a period of 10 to 15 mins. Furthermore, some time was required to stretch
the membrane, reposition the field of view, and image (in both modalities), resulting in a
time period of approximately 1 to 2 mins between images. Additionally, it must be noted
that all results are indicative of only one field of view within the cell monolayer. It is
beyond the scope of the present work to determine the contribution, if any, these make to
the captured strain data.
There also exist several limitations of the DIC algorithm. One such factor is that
the results garnered are heavily influenced by the selection of parameters (see appendix),
which must be chosen by the user. These are subset size, and the plane-fit approximation
utilized to smooth the inherent noise generated by the differentiation necessary to
transform displacement information into stain data. In our study we chose a subset size of
32 pixels because it seemed to result in a displacement map with little observable noise
(Figure A1). The matter of subset size is, in itself, an exhaustive study, and several
investigations into the appropriate selection of this parameter have been carried out
(Blaber et al., 2015; Pan, 2009). Another inherent weakness of this technique is the
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matter of unattached cells or cellular debris, which occlude the image being captured.
Without proper care during the preparation of the sample (washing) prior to imaging,
these artifacts can pose a significant problem for the algorithm, inducing unwanted noise
in the strain data and possibly rendering a data set unusable if the regions of discontinuity
occur with great frequency. Finally, the method failed to differentiate SD in 4X images.
This was not of great significance to this work, in which 20X images were utilized to
differentiate the effects of the TNF-α treatment, however it would pose a potential
impasse for researchers to whom a study at less than 20X magnification was desirable.
5.2 Future Work
Several avenues exist for potential future work. One of the most important targets
is investigating the areas immediately surrounding regions of cell-cell detachment, and
whether the strain distribution in this area differs significantly from areas in which cellcell detachment was not observed. This is important in that it establishes a correlation
between the computed heterogeneity and the observed detachment, and is, in itself, novel.
Furthermore, there exist many potential uses for this method, including intracellular
strain distribution, cell migration and proliferation studies, and the study of different cell
types. It also provides a means to study the change in strain distribution caused by the
modulation of the cell cytoskeleton, or ion concentrations. Thirdly, the stretching device
itself may be modified to facilitate more efficient and repeatable operation. The most
exciting future work exists in the combination of this technique with live cell AFM
elastography (Rápalo et al., 2015). This would potentially allow the direct study of stress
distribution at the sub-cellular or supra-cellular levels, and would be the first study of its
kind. Finally, the protocol may be amended in order to reduce the presence of the
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detached cells, which drift through the microscope field of view, obscuring the data
collection.
5.3 Conclusions
In conclusion, the use of texture correlation in the study of cell monolayer mechanics
appears to be a viable approach. More specifically:
1. The texture correlation method is capable of computing average strain developed
within the flexible membrane at 4X and 20X magnification.
2. The texture correlation method is capable of computing average strain developed
within live confluent monolayers of murine alveolar epithelial cells, both at 4X
and 20X magnification.
3. The texture correlation method is robust in that it delivers repeatable results, even
when utilizing vastly different imaging modalities.
4. The texture correlation method is capable of differentiating the heterogeneity of
cell monolayers from the underlying substrate.
5. TNF-α-treated (5ng/mL, 50ng/mL) cell monolayers exhibit significantly greater
heterogeneity of strain than untreated cell monolayers.
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Appendix
DIC Validation and Parameter Variation
The following images establish the basis for the parameters, which were selected for the
DIC analysis, and further establish the validity of the application of texture correlation.
Figure A1 establishes the rationale for the selection of a subset radius of 32 pixels.
Specifically, this value resulted was the smallest tested which did not result in a noisy
displacement map.

Figure A.1. Smaller subset radius results in noisier displacement data. (A) Representative
resultant displacement field at 1% applied strain using a subset radius of 15 pixels. (B)
Representative resultant displacement field at 32 pixels. Reference and deformed image
are the same as in A. (C) Field from A and B at a subset radius of 50.
Figure A2 illustrates the dependence of the strain data on the parameters subset radius
and strain radius. Figure A3 demonstrates the effect of the selection of the subset spacing
value. This value establishes the pixel distance between the grey-scale data points, which
comprise the subset radius. Figure A4 presents the strain field, which results when the
same image is used as the reference and deformed images. As would be expected, this
resulted in a value very close to zero everywhere in the strain field. Finally, figure A5
demonstrates that the discernable features in the resultant strain fields are not identical in
every case. This is important to establish the resultant strain map is not merely the result
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of the operation of the DIC algorithm. Together these results further establish that the
method is valid and applicable to epithelial cell mechanics.

Figure A.2. Effect of parameter on mean membrane strain and standard deviation. (A)
Representative resultant strain fields at varying subset radius and strain radius selections.
All color ranges equivalent, and equal to +/- three standard deviations of the mean. Initial
field imaged at 20X magnification in bright field illumination. (B) Mean strain values
corresponding to strain fields in A. (C) Standard deviation values corresponding to strain
fields in A.
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Figure A.3. Subset spacing parameter alters resolution of resultant strain fields. (A, B, C)
Representative resultant strain fields at a subset spacing of 2, 5, and 10 pixels
respectively, and a strain radius of 25, 10, and 5 respectively. Subset size was 32 pixels
for each of these trials. Initial field imaged at 20X magnification in bright field
illumination. All color ranges equivalent, and equal to +/- three standard deviations of the
mean. (D) Mean strain values for fields in A, B, and C. Standard deviation shown.
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Figure A.4. Inputting identical images for reference and deformed condition results in
zero strain everywhere in strain field. (A) Resultant strain field for untreated monolayer
utilizing initial unstrained image as both reference and deformed images. Imaged at 20X
magnification in bright field illumination. (B) Corresponding resultant strain field for
field from A imaged in DAPI illumination.
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Figure A.5. DAPI and Bright Field strain fields agree for every trial and result in unique
patterns between trials. (A, C, E) Resultant strain fields for three untreated membranes
imaged at 20X in Bright Field illumination at 8% applied strain. (B, D, F) Corresponding
resultant strain fields for A,C, and E imaged in DAPI illumination.
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